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Introduction
Elevated plasma levels of LDL cholesterol (LDL-C) have consistently been shown to be a risk factor for the development of atherosclerosis and associated ischemic cardiovascular disease (CVD), such as myocardial infarction and stroke. Plasma LDL-C levels are highly inheritable and a number of molecular defects have been shown to underlie extreme levels of LDL-C. One of the pivotal factors in LDL metabolism is the LDL receptor (LDLR) by virtue of its capacity to bind and subsequently clear cholesterol derived from LDL from the circulation. LDL bound to the LDLR is internalized into clathrin-coated pits and subsequently undergoes lysosomal degradation. The LDLR is then recycled back to the plasma membrane where it can bind more LDL. Internalization and re-shuttling of the receptor towards the plasma membrane is a continuous process. Proprotein convertase subtilisin kexin type 9 (PCSK9) plays a pivotal role in this process since it promotes the degradation of the LDLR and prevents it from recycling to the membrane. Consequently, PCSK9 has become a novel target for lipid-lowering therapy. The added incentive that inhibition of PCSK9 acts synergistically with existing treatments such as statins has led to a flurry of research to understand the biology of PCSK9.
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The discovery of PCSK9
Familial hypercholesterolemia (FH) is an autosomal dominant form of dyslipidemia characterized by elevated plasma LDL-C levels, which are typically above the 95th percentile for age and sex (1) . Apart from pathognomonic clinical signs, such as tendinous xanthomas and a presenile corneal arcus, heterozygous FH patients are at a sharply increased risk for premature CVD, which usually becomes evident in the fourth or fifth decade (2) . Molecular defects in the gene encoding the LDLR are identified in the vast majority of FH patients (3), but the exact proportion of LDLR mutations is not known, which might be due to variability in clinical phenotype and referral bias. Approximately 5-10% of individuals with an FH phenotype are found to carry mutations in the ligand-binding domain of apolipoprotein B (ApoB), the protein component of the LDL particle that interacts with the LDLR.
In 2003, Abifadel and co-workers identified mutations in the gene encoding PCSK9 (4) in two French families with an autosomal dominant form of FH (5). These mutations were later shown to be "gain of function" mutations. Given the finding of this third defect, FH caused by PCSK9 mutations is commonly referred to as "FH3" (OMIM#: 603776). The mutation was identified in a kindred previously described by Varret et al. (6) as not carrying a mutation in LDLR or ApoB, with linkage analysis having shown a positive logarithm of the odds (LOD) score of 3.13 on a 9-cM interval at 1p34.1-p32. Other PCSK9 mutations were subsequently reported in FH patients from Utah, Norway, and the United Kingdom (7-9), but, in general, the prevalence of PCSK9 mutations is very low compared with defects in LDLR and ApoB (10) . In the latter study, the risk of coronary artery disease (CAD) associated with the rare variant D374Y was shown to be sharply increased, and exceeded the risk associated with mutations in the LDLR gene. Currently, all reported PCSK9 mutations can be easily accessed online (www.ucl.ac.uk/ldlr).
Subsequent studies showed that PCSK9 was responsible for intracellular LDLR by guest, on October 14, 2017 www.jlr.org Downloaded from PCSK9 is a serine protease encoded by a gene comprising 12 exons, located on chromosome 1p32.3. It is synthesized primarily by the liver and intestine as a 692-amino acid precursor (~75 kDa) in which a signal peptide (residues 1-30) and a prodomain (residues 31-152) precede a catalytic domain (residues 153-451) that contains the canonical N-H-S catalytic triad, followed by a C-terminal domain (residues 452-692) (23) . Pro-PCSK9 undergoes autocatalytic intramolecular processing between the Q 152 and S 153 residues in the endoplasmic reticulum to form a mature enzyme (~62 kDa). The cleavage of the prodomain is required for PCSK9 maturation and secretion. This was demonstrated by experiments where the prodomain and the catalytically inactive 62 kDa PCSK9 moiety were co-expressed, allowing the exit of a non-covalently bound PCSK9/prodomain complex from the endoplasmic reticulum to the Golgi complex, which ultimately promoted LDLR degradation (24, 25) . It is noteworthy that a naturally occurring amino acid substitution within the PCSK9 cleavage site (Q 152 H) has recently been described. This mutation prevents autocatalytic processing, thereby precluding PCSK9 secretion, and is associated with a 48% reduction in plasma LDL-C levels (26) . After cleavage, the prodomain forms hydrogen bonds with key amino acids of the catalytic domain, thereby preventing access of other potential substrates to the catalytic pocket of PCSK9 (27, 28) . The ability of PCSK9 to promote LDLR degradation is, therefore, independent of its catalytic activity, indicating that PCSK9 functions as a chaperone, a mode of action that is unique among serine proteases (24, 25) .
PCSK9 blocks the structural transition of the LDLR in the endosome
The region where secreted PCSK9 interacts with the extracellular domain of the LDLR is located in the first epidermal growth factor-like repeat homology domain (EGFA) of the human LDLR (29, 30 ). Binding appears to be calcium dependent and occurs with a 1:1 stoichiometry at a K d of 170-750 nM at the neutral pH of plasma (27, (30) (31) (32) (30, 31, 33) . The acidic stretch located within the prodomain negatively modulates the binding affinity between PCSK9 and the LDLR (34, 35). In contrast, after endocytosis (i.e. at the acidic pH of endosomes), the affinity between the receptor and PCSK9 is much higher (K d of 1-8 nM) than that observed at neutral pH (27, 30, 31) . Under acidic pH conditions the prodomain of PCSK9 establishes salt bridges with the β-propeller domain of the receptor (31) , and the positively charged C-terminal domain of PCSK9 has been proposed to bind to the negatively charged ligand-binding domain of the LDLR (31, 36, 37 ). These studies demonstrate that PCSK9 locks the LDLR in an extended (or open)
conformation. The failure of the receptor to adopt a closed conformation in the endosome precludes normal recycling to the plasma membrane and targets the LDLR for lysosomal degradation (31, 38) (Fig. 1) . In line with this, some amino acid substitutions in PCSK9 (e.g. D374Y, S127R) or, alternatively, in the LDLR (e.g. H306Y) that are causatively associated with FH, tighten the molecular interactions within the PCSK9-LDLR complex, thereby enhancing receptor degradation and consequently increasing circulating LDL-C levels among carriers (27, 31, 32, (39) (40) (41) . In that respect, the D374Y-PCSK9 "gain-of-function" mutation causes an extremely severe FH phenotype that is particularly hard to treat with statins (9).
Carriers of this mutation are affected by CVD 10 years earlier than other patients with FH.
This mutant was found to bind to the LDLR with a 6-30-fold higher affinity compared with wild-type PCSK9, by allowing a hydrogen bond to form between PCSK9 and the EGFA domain of the LDLR (30).
The PCSK9 C-terminal domain plays a pivotal role in targeting LDLR for subsequent degradation (31, 36) . This domain, however, is not required for LDLR binding at the cell surface, as demonstrated with a series of deletion mutants (30, 42, 43) . The overall positive charge of this domain seems to be a major parameter for PCSK9 function (44) . An antibody antigen-binding fragment directed against the C-terminal domain of PCSK9 has recently been shown not to affect LDLR binding but to significantly inhibit the internalization of the PCSK9-LDLR complex (45) . Likewise, binding of annexin A2 to the C-terminal domain of PCSK9 prevents PCSK9 from interacting with the LDLR, thereby inhibiting receptor degradation (46) . In this process, endocytosis and internalization of the PCSK9-LDLR complex is required, indicating that annexin A2 is secreted to exert its inhibitory function on PCSK9 (46, 47) . Besides annexin A2 and the LDLR, the C-terminal domain of PCSK9 also establishes intra-and inter-molecular interactions with its own prodomain along the secretory pathway, thereby allowing proper secretion of the protein (43). Because PCSK9 does not (or very weakly) modulate LDLR levels in the adrenals (48, 49) and in some areas of the adult brain (50, 51) , it has been proposed that PCSK9 requires tissue-specific partners to efficiently reduce LDLR levels in tissues such as the liver, in which PCSK9 is most efficient (48) . A similar discrepancy has been described for the autosomal recessive hypercholesterolemia (ARH) adaptor protein, which was shown to be required for LDLR internalization in hepatocytes but not in some other cell types (22, (52) (53) (54) . Given its original structure, the Cterminal domain of PCSK9 is very likely to interact with some of these yet unknown but key protein partners (28, 55) .
PCSK9, a secreted factor under tight control
The characterization of total and liver-specific PCSK9 knockout mice indicates that hepatocytes are the main source of circulating PCSK9, despite a significant, albeit lower, expression of PCSK9 in the intestine and in the kidney (17, 56) . It has been proposed that PCSK9 acts on the LDLR after biosynthesis, before it reaches the basolateral surface of the hepatocyte (40, 47, 57) . This was demonstrated by knocking down the clathrin light chains that are critical for vesicular trafficking but not required for endocytosis. In this experiment, only cells that expressed PCSK9 had increased LDLR levels (58), indicating that PCSK9 inhibits the LDLR via an intracellular mechanism. A series of in vivo parabiosis experimental studies, however, have clearly demonstrated that PCSK9 acts on the LDLR primarily as a secreted factor (22, 48) .
It is therefore clinically relevant to measure circulating PCSK9 plasma levels in humans, and to study pharmacological factors affecting its secretion. In that respect, several ELISAs have been developed to measure PCSK9 in human sera (59) (60) (61) (62) (63) (64) (65) (66) . The mean concentrations varied widely among these studies, likely because of differences in specificities among antibodies to bind plasma PCSK9 and the recombinant PCSK9 standards used in the assays (55, 67) . Measuring PCSK9 levels is, however, not an ideal surrogate marker for PCSK9 function, as most antibodies used to detect PCSK9 will also detect inactive truncated PCSK9 forms (21) . Despite these limitations, all of these studies have consistently shown positive correlations (r = 0.15-0.58) between circulating PCSK9 and LDL-C levels in the population (59) (60) (61) (62) (63) (64) (65) (66) 68) . Except for individuals carrying "gain-of-function" mutations in the gene encoding PCSK9, plasma PCSK9 levels should logically correlate with the incidence of CVD events in humans. This has recently been demonstrated in atherosclerosis-prone animal models genetically engineered to express increasing levels of PCSK9 (69) . In that respect, we have observed that plasma PCSK9 levels are predictive of recurrent clinical events in a cohort of patients with stable CVD treated with low-dose atorvastatin (70) .
Endogenous inactivation of PCSK9
The mature 62 kDa PCSK9 undergoes cleavage after the R218 residue, resulting in the detachment of the prosegment and the formation of a 55 kDa truncated inactive PCSK9 form.
This proteolytic cleavage appears to be mediated in hepatocytes by two proprotein convertases, namely furin and PC5/6A, as shown using a series of hepatic conditional by guest, on October 14, 2017 www.jlr.org Downloaded from knockout mice (21, 71) . In line with this, the naturally occurring PCSK9 R218S missense mutation promotes autosomal dominant hypercholesterolemia among heterozygous carriers (72) . Together, these results indicate that a lack of PCSK9 inactivation by furin and/or PC5/6A mechanistically leads to increased/elevated plasma LDL-C levels.
Dietary and hormonal regulation of PCSK9
PCSK9 expression and plasma levels are tightly controlled by hormonal and nutritional status. Hepatic PCSK9 expression and plasma levels are dramatically lowered upon fasting (20, (73) (74) (75) . Circulating PCSK9 has a marked diurnal rhythm paralleling that of cholesterol biosynthesis in humans, an effect that appears to be mediated by variations in growth hormone secretion. As a result, plasma PCSK9 levels ought to be measured at a defined period of the day (e.g. in the morning after an overnight fast), to perform accurate comparisons between individuals. In addition, PCSK9 plasma levels increase in girls and decrease in boys during their teenage years, paralleling changes in LDL-C levels (76) . In adulthood, PCSK9 levels are higher in women than men, but this does not apparently result from differences in the status of endogenous estrogens (65, 68, 77, 78) .
The key regulation of PCSK9 by sterols
Similar to LDLR, the expression of PCSK9 is modulated by intracellular cholesterol levels, and this is mediated predominantly by the transcription factor sterol-responsive element-binding protein 2 (SREBP2) (17, (79) (80) (81) (82) (83) . In addition, the transcription factor hepatocyte nuclear factor 1a (HNF1a) has also been shown to be a potent stimulator of PCSK9 gene expression (83, 84) . Because PCSK9 and the LDLR are co-ordinately regulated at the transcriptional level by cholesterol, they are also co-induced by statin treatment. It is well established in humans and animal models that statin treatment increases plasma PCSK9 
Approaches to PCSK9 inhibition
Recently, two cases of homozygous "loss-of-function" mutations in PCSK9 were described. The carriers, who totally lacked PCSK9, were healthy and fertile and presented with very low LDL-C levels (≤ 15 mg/dL). This suggests that pharmacologic interventions that inhibit PCSK9 may be safe (18, 19) . Three drug development approaches (table 1) are currently being tested to pharmacologically inhibit PCSK9 in humans. Gene silencing targets both PCSK9 intra-and extra-cellular functions, whereas mimetic peptides and monoclonal antibodies exclusively target circulating PCSK9 and therefore its extracellular function (Fig.   2) . Other approaches such as orally active cell permeable small molecules that target PCSK9 processing have not reached preclinical development yet and have been extensively reviewed elsewhere (87) . 
Gene silencing
The subcutaneous administration of the PCSK9 antisense oligonucleotide (ASO) produced by Isis Pharmaceuticals has been shown to result in a 2-fold increase in hepatic expression of the LDLR and a concomitant reduction in circulating total cholesterol levels by 53% in mice (88) . Likewise, the intravenous injection of a 13-mer locked nucleic acid (LNA) ASO from Santaris Pharma reduced PCSK9 mRNA levels by ~60% in mice, thereby promoting a 2.5-3 fold increase in hepatic LDLR levels for up to 8 days (89) . This compound also decreased circulating PCSK9 up to 50% as well as plasma LDL-C and ApoB levels by 35% in non-human primates. A 14-mer LNA-ASO specific for a human PCSK9 sequence yielded similar potency in reducing LDL-C levels but displayed longer-lasting effects associated with a significant decrease in liver cholesterol content. This compound did not affect HDL cholesterol (HDL-C) levels (90) . PCSK9 gene silencing in mice and monkeys has also been achieved using small interfering RNA (siRNA), a technology developed by Alnylam Pharmaceuticals. The siRNA was incorporated into lipidoid nanoparticles to minimize toxicity and intravenously infused in rats, mice, and monkeys. LDL-C levels were reduced upon administration by more than 50% in monkeys with reductions lasting for nearly 21 days (91).
Mimetic peptides
Peptides mimicking the EGFA domain of the LDLR that interact with PCSK9 at the plasma membrane have also been developed to inhibit PCSK9 function. A synthetic EGFA peptide has been shown to dose-dependently reduce the cellular degradation of the LDLR induced by exogenously added recombinant PCSK9 (92) . Since the naturally occurring H306Y substitution within the LDLR-EGFA domain increases the affinity of the receptor for PCSK9, an EGFA-H306Y peptide was used to efficiently block PCSK9-induced LDLR by guest, on October 14, 2017 www.jlr.org
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Monoclonal antibodies
Duff et al. were able to reverse the PCSK9-mediated effect on cell surface LDLRs by using antibodies that recognize epitopes on PCSK9 in the vicinity of the region within the catalytic domain interacting with the LDLR (93) . Likewise, a single 3 mg/kg intravenous infusion of the mAb1 monoclonal antibody specific for the catalytic domain of PCSK9 (developed by Amgen) led to a significant reduction of circulating LDL-C levels as early as 8 hours after injection in non-human primates. The LDL-C lowering effects of this antibody reached a nadir of -80% on day 10 post-infusion (94) . Incidentally, this was accompanied by a slight decrease in HDL-C levels. Another monoclonal antibody (1D05-IgG2) was developed by Merck to structurally mimic the EGFA domain of the LDLR. This antibody (one single injection at 3 mg/kg) was also found to antagonize PCSK9 function in Rhesus monkeys, reducing plasma LDL-C levels by up to 50% (45, 95) . Pfizer-Rinat has recently reported a humanized monoclonal J16 antibody directed against the PCSK9 LDLR-EGFA domain binding site (96) . This antibody was injected once intravenously in cynomolgus monkeys and dose-dependently reduced LDL-C levels by 70%, an effect that lasted for 10 days at the 3 mg/kg dose. The magnitude and duration of this effect were similar when the J16 antibody was infused in high fat-fed monkeys. In addition, when these animals were treated with simvastatin (50 mg/day) and subsequently infused with the J16 antibody (3 mg/kg), an additional 65% reduction in LDL-C levels was observed (96) . The J16 antibody has been modified to bind PCSK9 in a pH-sensitive manner and thereby escape degradation. The resultant J17 antibody was demonstrated to be as potent as the J10 antibody, the mouse precursor to J16, in mice and monkeys for periods two to three times as long (97) .
Several monoclonal antibodies targeting PCSK9 in the circulation are being tested in human clinical trials. Pfizer-Rinat RN316 is currently in a phase II study. Amgen's antibody (AMG145) was evaluated in a phase I ascending single-dose study, which showed that LDLby guest, on October 14, 2017 www.jlr.org Downloaded from C was dose-dependently decreased by up to 64% relative to placebo when AMG145 was infused intravenously or subcutaneously in healthy subjects (98) . In this study, there were no reports of serious adverse events or discontinuations as a result of an adverse event. The effect of AMG145 administration will be investigated in subjects with hypercholesterolemia in the LAPLACE-TIMI 57 (NCT01380730) trial (99) .
In two phase I ascending single-dose studies in healthy subjects, the SanofiAventis/Regeneron SAR236553/REGN727 antibody was associated with a significant (P < 0.001 versus placebo) reduction from baseline in LDL-C, 33-46% when given subcutaneously (50-250 mg) and by 28-65% when given intravenously (0.3-12.0 mg/kg) (100) . As an add-on to statin therapy, multiple doses of SAR236553/REGN727 administered subcutaneously (doses 50-150 mg) significantly (P < 0.001 versus placebo) reduced cholesterol levels by 41-58% in patients with FH and by 38-65% in patients with hypercholesterolemia (non-FH) (100). In these phase I trials, no evidence of drug-related adverse events was observed. In a 12-week phase II study of patients with LDL-C levels ≥ 100 mg/dL on a stable dose of atorvastatin (10, 20, The PCSK9 decade Lambert, at al.
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adverse event of dehydration that was not considered related to treatment. These results strongly support the concept that inhibition of circulating PCSK9 in combination with statins will result in sharply decreased plasma levels of LDL-C and be well-tolerated.
Conclusions
PCSK9 inhibition is considered an attractive target for therapy, especially in light of the fact that a large proportion of high-risk patients do not reach the target LDL-C levels despite maximally tolerated forms of currently available lipid-lowering agents. Monoclonal antibodies are currently the most advanced PCSK9 inhibitors in terms of pharmacological development. Recent studies have suggested that pharmacologically induced PCSK9 inhibition is efficacious in the reduction of LCL-C levels. Evaluation of treatment over the long term will determine whether the beneficial effects of PCSK9 inhibition on LDL-C levels will directly translate into CAD risk reduction. between PCSK9 and the LDLR. The LDLR binds the LDL particle, is internalized, and then the LDL particle is degraded in the lysosome whereas the LDLR is recycled back to the plasma membrane. 
